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Purpose: This work aimed to investigate the effect of costunolide, a sesquiterpene lactone isolated from Michelia
compressa, on cell cycle distribution and radiosensitivity of human hepatocellular carcinoma (HCC) cells.
Methods: The assessment used in this study included: cell viability assay, cell cycle analysis by DNA histogram,
expression of phosphorylated histone H3 (Ser 10) by flow cytometer, mitotic index by Liu’s stain and
morphological observation, mitotic spindle alignment by immunofluorescence of alpha-tubulin, expression of cell
cycle-related proteins by Western blotting, and radiation survival by clonogenic assay.
Results: Our results show that costunolide reduced the viability of HA22T/VGH cells. It caused a rapid G2/M arrest
at 4 hours shown by DNA histogram. The increase in phosphorylated histone H3 (Ser 10)-positive cells and mitotic
index indicates costunolide-treated cells are arrested at mitosis, not G2, phase. Immunofluorescence of alpha-
tubulin for spindle formation further demonstrated these cells are halted at metaphase. Costunolide up-regulated
the expression of phosphorylated Chk2 (Thr 68), phosphorylated Cdc25c (Ser 216), phosphorylated Cdk1 (Tyr 15)
and cyclin B1 in HA22T/VGH cells. At optimal condition causing mitotic arrest, costunolide sensitized HA22T/VGH
HCC cells to ionizing radiation with sensitizer enhancement ratio up to 1.9.
Conclusions: Costunolide could reduce the viability and arrest cell cycling at mitosis in hepatoma cells. Logical
exploration of this mitosis-arresting activity for cancer therapeutics shows costunolide enhanced the killing effect of
radiotherapy against human HCC cells.
Background
Costunolide is a sesquiterpene lactone isolated from
Michelia compressa in our previous work [1]. Michelia
compressa is a common origin of wooden furniture used
worldwide. Costunolide has been also identified in sev-
eral species of plants, including Saussurea lappa C.B.
Clarke [2], Aucklandia lappa Decne [3], Laurus nobilis
[4], Magnolia grandiflora [5] and Michelia floribunda
[6]. Bocca et al reported that costunolide interfered with
the microtubule proteins [7]. However, whether this
activity refers to mitosis arrest and subsequent
applications for cancer therapy, such as radiosensitizing
effect, remains unclear.
The primary liver cancers, in which 85 - 90% are
hepatocellular carcinoma (HCC), is the third most com-
mon cause of death worldwide [8]. Despite aggressive
therapy, the 5-year survival rate of patients with primary
liver cancer remains less than 10% [9]. This poor prog-
nosis is due to high recurrent and metastatic rates even
after use of current treatment modalities such as surgery
[10,11], trans-hepatic artery chemoembolzation (TACE)
[12], radiofrequency ablation [13], radiotherapy (RT)
[14], and multitarget tyrosine kinase inhibitors [15].
Among these treatment modalities, the role of RT,
especially for unresectable HCC [16], is becoming
important due to the development of advanced confor-
mal techniques. The major organ at risk for irradiating
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mal hepatocytes. Although advanced conformal RT
techniques could focus the radiation to hepatoma and
reduce the dose to surrounding normal counterpart, the
low tolerance of hepatocytes to radiation remains a lim-
iting factor while attempting to escalate dose to the tar-
geting tumor. Given that radiation dose is the only
significant factor in predicting therapeutic effect of RT
[17], development of novel radiosensitizers which would
lower the necessary dose to eradicate hepatoma and
thus cause less damages to normal liver is in great
demand in clinical practice.
Because cells at G2/M phase, especially the M phase,
are the most radiosensitive population, pharmacological
agents possessing the microtubule-interfering activity
have been shown as promising radiosensitizers. For
example, taxane has been demonstrated as a radiosensi-
tizer for treatment of non-small cell lung cancer [18,19].
Since costunolide has been reported as a microtubule-
interfering agent by Bocca et al and shown to cause G2/
M-arresting in our preliminary work, this compound
may function as a radiosensitizer. To prove this working
hypothesis, we examined whether costunolide induced
cell cycle arrest specifically at G2 or M phase, investi-
gated involved signaling pathways and measured the
radiosensitivity of costunolide-treated hepatoma cells in
this study.
Methods
Preparation of costunolide and determination of purity
Costunolide was isolated from root wood of Michelia
compressa as previously described [1]. It was dissolved
in dimethylsulfoxide (DMSO). Costunolide was stored
as stock solution at -20° C. The working solution was
freshly prepared prior to use. In all cell culture experi-
ments, the final concentration of DMSO did not exceed
0.1% (v/v) which has no influence on the cell growth.
Determination of drug purity
The samples were reconstituted with 100 mL methanol.
The mobile phase was comprised of methanol and 10
mM sodium dihydrogen phosphate monohydrate in
water (25:75, v/v, pH 6.5). The high performance liquid
chromatography (HPLC) system was performed using a
Shimadzu system (Shimadzu, Kyoto, Japan) consisting of
a LC-20AT pump, a SIL-20AC auto-sampler, and an
SPD-M20A detector. An Agilent extended-C18 column
(4.6 × 150 mm, 5 μm) was used for separation (Merck,
Germany). The UV absorbance at 204 nm wavelength
was used for quantization. The retention time of costu-
nolide was 6.31 minutes. Output data from the detector
were integrated via a Class-VP 7.0 Client/Server Chro-
matography Data System (Shimadzu, Kyoto, Japan).
Before subject to cell experiments, the purity of
costunolide was examined. The optimum absorbance of
costunolide is at 224 nm and the sample was inspected
over a complete spectral range. Only one major peak
can be seen in the HPLC analysis. According to the
chromatogram, the purity of costunolide was approxi-
mately 99.9%.
Cell culture and viability assessment
The poorly differentiated human HCC cell line, HA22T/
VGH, was kindly provided by Professor Hu (Veteran
General Hospital, Taipei, Taiwan). It was cultured in
DMEM (GIBCO, Grand Island, NY, USA) supplemented
with NaHCO3 (10 mmol/L), HEPES (20 mmol/L) and
10% heat-inactivated fetal calf serum (FCS, Hyclone,
Logan, UT, USA) in a humidified 5% CO2 incubator
and maintained in an exponential growth state. To eval-
uate cell growth, the numbers of viable cells were
counted on day 1, 2 and 3 by using trypan blue exclu-
sion test. Adherent cells were collected by using 0.25%
trypsin.
DNA histogram analysis
HA22T/VGH HCC cells were treated with 5 μM of cos-
tunolide for 0, 2, 4, 16 and 24 hours). Then the cells
were harvested and washed with phosphate buffered sal-
ine (PBS), then fixed and permeated at 4°C for 1 hour
with 70% ethanol. Cells were stained for 30 minutes
with propidium iodide (PI) solution (PI, 0.5 mg/mL;
RNAse, 0.1 mg/mL; Sigma) from a CycleTEST
plus DNA
reagent kit (Becton Dickinson, Lincoln Park, NJ, USA)
in the dark. Analysis of DNA histogram was performed
on a FACScaliber flow cytometer (Becton Dickinson,
L i n c o l nP a r k ,N J ,U S A ) .T h ed a t af r o m1 0
4 cells were
collected and analyzed using ModFit Software (Becton
Dickinson, Lincoln Park, NJ, USA) to calculate the per-
centage of cells at G2/M phase.
Quantification of mitotic index
After treatment with 5 μM costunolide for 0, 4, 16 and
24 hours, HA22T/VGH HCC cells were collected and
centrifuged onto a microscope slide using a Cytospin
2
centrifuge (Shandon Inc., Pittsburgh, PA, USA). The
slides were dried and cells were fixed with 4% parafor-
maldehyde in PBS (pH 7.4) and mounted in Vectashield
mounting medium with 1.5 Ag/mL 4V, 6-diamidino-2-
phenylindole (Vector Laboratories, Inc., Burlingame,
CA). The cells were stained by method of Liu’ss t a i na s
follows: cells were washed by PBS and fixed by cold
methanol for 20 min. Liu A was added for 45 seconds
at room temperature followed by adding Liu B for 90
seconds. Then cells were gently washed and the cell
morphology was observed by light microscope. Light
micrograph was taken using a microscope (Olympus,
Tokyo, Japan) at a magnification of 400 or 1000.
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Tokyo, Japan). Mitotic morphology was identified by
appearance of duplicated chromatid pair aligned in the
center of dividing cells. At least 200 cells per field in a
minimum of five randomly selected fields were counted
on three slides for each sample.
Detection of phosphorylated histone H3
The method for anti-phospho-histone H3 staining was
performed and modified from a previous report [20]. In
brief, growing cells were treated with 5 μM costunolide
a f t e r0 ,2 ,4 ,1 6a n d2 4h o u r s .T h e nt h eH A 2 2 T / V G H
HCC cells were trypsinized, fixed in 2% paraformalde-
hyd, permeablized with 1% Triton X-100 (Sigma), and
stained with anti-phospho-histone 3 (Ser 10)-FITC (Cell
Signaling, Danvers, MA, USA) at room temperature for
60 minutes. The cells were washed again with PBS and
resuspended in PBS containing PI and RNase A. The
samples were subjected to a FACScaliber flow cytometer
and data analysis was done using CellQuest
Pro software
(Becton Dickinson, Lincoln Park, NJ, USA)
Immunofluorescence staining
After 5 μM costunolide treatment, the HA22T/VGH cells
were plated on a 18 mm coverslip coated with 50 mg/mL
of Poly-L-Lysine. Cells were incubated at 37 °C to allow
attachment and spreading. For immunofluorescence
staining, the cells were fixed with 3% formaldehyde for
10 minutes. Then the cells were washed with PBS, per-
meabilized with 0.5% Triton X-100, stained with primary
antibody (a-tubulin 1: 50, Zymed laboratories Inc., South
San Francisco, CA) for one hour. After washing with
PBS, the bound mouse IgG was detected with Cy™2-
conjugated anti-mouse antibody (1: 100, Jackson Immu-
noResearch, West Groove, PA) and counterstained with
0.5 mg/mL of Hoechst 33342 (Sigma) in PBS for one
hour. Images of stained cells were examined under a
fluorescent microscope (ZEISS, Axioplan 2).
Western Blot analysis for expression of mitosis-related
proteins
Cellular proteins were extracted, quantified, and sub-
jected to gel electrophoresis. Protein samples were then
blotted onto a polyvinylidene difluoride membrane. Pri-
mary antibodies against vario u sp r o t e i n sw e r eu s e da t
various dilutions and detected by using horseradish per-
oxidase-conjugated anti-mouse immunoglobulin G fol-
lowed by the use of enhanced chemiluminescence kits
(Amersham Pharmacia Biotech). GAPDH expression
was used as an internal control.
Costunolide treatment and radiation delivery
Cells were plated onto culture dishes to allow grow in
DMEM medium contained 10% FCS mixed with various
concentrations of costunolide for 4 hours. Then costu-
nolide was washed out and the cells were irradiated
with various doses. Radiation therapy with 6 MeV elec-
tron beam energy was delivered by a linear accelerator
(Clinac 1800, Varian Associates, Inc., Palo Alto, CA,
USA) with dose rate 2.4 Gy/min at various dose (0, 0.5,
1, 2 and 3 Gy) in a single fraction. The selection of
radiation doses depended on our preliminary work on
calibration of radiation survival curves of HA22T/VGH
cells to ensure adequate coverage from 100% to less
than 37% survival (D0 in radiobiology) for further esti-
mation of surviving fraction. To fit the clinical rele-
vance, 2 Gy was also selected to match the daily fraction
size commonly used in clinical practice. Full electron
equilibrium was ensured for each fraction by a parallel
plate PR-60C ionization chamber (CAPINTEL, Inc.,
Ramsey, NY, USA). After radiation, cells were plated for
clonogenic assay.
Clonogenic assay and estimation of SER
Viable tumor cells (10
3) were plated into each 35-mm cul-
ture dish and allowed to grow in DMEM containing 10%
FCS. After 10 -14 days, the culture dishes were stained
with 3% crystal violet and the numbers of colony (more
than 50 cells) were counted. The mean control plating effi-
ciency for untreated HA22T/VGH HCC cells was around
43%. The surviving fraction was calculated as mean colo-
nies/cells inoculated. Survival curves were fitted by a lin-
ear-quadratic model. The sensitizer enhancement ratio
(SER) was calculated as the radiation dose needed for
radiation alone divided by the dose needed for various
concentrations of costunolide plus radiation at a survival
fraction of 37% (D0 in radiobiology).
Statistics
Data were presented as mean ± standard error from at
least three experiments. IC50 values were calculated by
GraphPad Prism 4 software (GraphPad Software, San
Diego, California, USA). Statistical comparisons were
made by using Student’s t-test or one-way analysis of
variance (ANOVA) as indicated. The difference was
considered significant at p <0 . 0 5 .A l ld a t aa n a l y s i sw a s
performed by using SPSS software (version 10.0, Chi-
cago, IL, USA). We used Sigma Plot software (version
8.0, SPSS Inc., Chicago, IL, USA) with written syntax to
fit survival curves with linear quadratic model.
Results
Cell viability and estimation of IC50
As demonstrated in Figure 1A, costunolide inhibited the
viability of HA22T/VGH HCC cells in a concentration-
and time-dependent manner. The estimated value of
50% inhibition concentration (IC50) was 4.7 μM. To sen-
sitize tumor cell to radiation at a concentration range
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μM was used for further cell cycle analysis and radio-
sensitizing experiments. Costunolide has no significant
toxicity to normal human macrophages under the same
experimental condition for HCC cells (Figure 1B).
Cell cycle analysis by DNA histogram
After 5 μM costunolide treatment for 0, 2, 4, 16 and 24
hours, the percentage of G2/M increased up to a high
level at 4 h (34.8 ± 0.5%), indicating a rapid G2/M
arresting activity (Table 1, Figure 2). It was accompanied
by slight incline of S phase and marked decline of G0/
G1 phase (Table 1, Figure 2).
Discrimination of mitosis arrest, other than G2 phase
To determine whether costunolide induced cell cycle
arrest specifically at mitosis or G2 phase, we examined the
phosphorylation status of histone H3 (Ser 10) and mitotic
index, the hall markers of mitosis. By using nocodazole as
a positive control (data not shown), the fluorocytometric
assessment revealed a markedly corresponding increase in
the percentage of phosphorylated histone H3-positive cells
after costunolide treatment (Table 1, Figure 3). Mitotic
index determined by morphological changes showed a
similar pattern of changes (Table 1, Figure 4A). These
results indicated that treatment with costunolide caused
an arrest at mitosis, but not G2, phase in human hepa-
toma HA22T/VGH cells.
Immunofluorescent stain for mitotic spindle
There are four stages in the mitotic phase. Immunofluor-
escent staining with alpha-tubulin was used to identify the
cells located at which stage during the mitotic phase. In
Figure 4B, the majority of the mitotic cells exhibited
microtubule capture at both kinetochores of a duplicated
chromatid pair which aligned in the center of the nucleus.
The duplicated chromosome pairs were not separated
apart and, instead, aggregated in the center of the nucleus
in a round cell contour. These findings indicated a mitotic
arrest at the metaphase was induced by costunolide.
Signaling molecules associated with mitosis arrest
As demonstrated in Figure 5, costunolide up-regulated
the expression of phosphorylated Chk2 (Thr 68) up to
Figure 1 Growth inhibition in hepatoma cells and human normal macrophages treated by costunolide. Cell viability was assessed by
trypan blue exclusion test for HA22T/VGH cells and MTT assay for macrophages. A, HA22T/VGH cells. B, Macrophages.
Table 1 The cell cycle distribution, phosphorylated H3-positive rates and mitotic index of HA22T/VGH cells after
costunolide treatment
Costunolide 5 μM Cell cycle (%) histone H3 (%) mitotic index(%)
G1/G0 S G2/M
control 56.1 ± 0.7 26.8 ± 1.2 17.1 ± 1.5 3.6 ± 0.2 4.9 ± 0.7
2 h 33.0 ± 0.1 37.3 ± 0.3 29.7 ± 0.3 14.8 ± 2.6 17.4 ± 1.6
4 h 32.7 ± 0.7 33.1 ± 0.4 34.8 ± 0.5 25.8 ± 0.8 22.4 ± 4.1
16 h 39.3 ± 1.7 26.7 ± 4.7 34.0 ± 3.2 15.2 ± 1.8 7.8 ± 1.0
24 h 55.9 ± 2.1 15.2 ± 3.3 28.9 ± 1.2 8.2 ± 0.7 5.4 ± 0.7
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costunolide. Cells were treated with costunolide (5 μM for various
time periods as indicated). Representative DNA histograms were
demonstrated.
Figure 3 Flow cytometric analysis for expression of
phosphorylated histone H3 (Ser 10) in costunolide-treated
HA22T/VGH cells. Cells were treated with costunolide (5 μM for
various time periods as indicated). Representative dot-plot visuals
were demonstrated.
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Page 5 of 8Figure 4 Morphology of HA22T/VGH cells treated by 5 μM costunolide for 4 h.A .L i u ’s stain; B. Immunofluorescence stain for alpha-
tubulin. Magnification: ×1000.
Figure 5 The expression of mitosis arrest-related proteins after costunolide treatment in hepatoma cells. Lane 1, untreated control; lane
2 - 6, treated with 5 μM costunolide for various time points.
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folds, phosphorylated Cdk1 (Tyr 15) up to 1.3 folds
and cyclin B1 up to 1.4 folds in HA22T/VGH cells. All
these changes were greatest at 4 hours after costuno-
lide treatment. No significant change was noted in the
expression of phosphorylated Chk1 (Ser 317).
Clonogenic survival and radiosensitization assessment
At the effective condition causing mitotic arrest, costu-
nolide at 2.5 and 5 μM sensitized HA22T/VGH HCC
cells to ionizing radiation with SERs up to 1.3 and 1.9,
respectively (Figure 6A). For another hepatoma cell
line, costunolide inhibited the radiation survival of Sk-
Hep1 cells in a way resembling HA22T cells. The SERs
for Sk-Hep1 was up to 1.5 at 5 μM of costunolide (Fig-
ure 6B).
Discussion
Several novel radiosensitizers have been isolated from
natural products via various kinds of pathways. In com-
parison to paclitaxel, a known spindle poison with
radiosensitizing activity, costunolide pretreatment
resulted in a similar SER at a less toxic concentration to
cells. The parthenolide enhanced the radiation sensitiv-
ity of p53 null PC-3 cells by a dose modification factor
of 1.7 [21]. Caffeic acid phenethyl ester, isolated from
bee propolis, possesses a SER of 2.2 for rectal adenocar-
cinoma CT26 cells [22]. In general, SER values around
2.0 are acceptable for development of radiosensitizers.
The relationship between cell cycle and radiosensitiza-
tion effect [23] has been extensively investigated. Both
G2 and M phases were identified as radiosensitive
phases. Moreover, cells at M phase were proven to be
more sensitive to radiation than those at G2 phase
[24-26]. Based on the data from phosphorylation status
of histone H3, mitotic index and alpha-tubulin immuno-
fluorescence stain, we specified that costunolide caused
mitotic arrest at or close to metaphase, but not G2
phase. This mitosis-arresting activity might be further
referred to the radiosensitizing effect of costinolide on
hepatoma cells as we demonstrated in the present study.
Costunolide up-regulated the expression of phos-
phorylated Chk2 (Thr 68), phosphorylated Cdc25c (Ser
216), phosphorylated Cdk1 (Tyr 15) and cyclin B1 in
HA22T/VGH cells. It is known that activated Chk2
could prevent mitotic progression by phosphorylating
Cdc25C at Ser216, enhancing Cdc25C-14-3-3 binding to
sequester Cdc25C in the cytoplasm and preventing
dephosphorylation of Cdk1 (Tyr 15 or Thr 14) to inhibit
the mitotic progression [27]. Thus, this modulation of
Chk2/Cdc25c/Cdk1/cyclin B1 signaling by costunolide
may contribute to the mitotic arrest in HA22T/VGH
cells.
Given that costunolide is a naturally occurring com-
pound with great quantity in wood Michelia compressa
and other plants, unravel of this novel bioactivity for
radiosensitization may shed a light in development of
new pharmaceutical agents from agricultural products
by using this experimental model.
In conclusion, costunolide specifically arrests cell cycle
at mitosis accompanied by modulation of Chk2/Cdc25c/
Cdk1/cyclin B1 signaling and enhancement of radiore-
sponse in human hepatoma HA22T/VGH cells. Further
studies of its effect on both hepatoma and normal liver
counterpart by experimental animal model should be
performed before consideration in clinical trial.
Figure 6 Costunolide enhances the radiosensitivity of hepatoma cells. A, HA22T/VGH cells. B, Sk-Hep1 cells. Clonogenic assay was used to
estimate the survival of hepatoma cells.
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